Background: Non-native intermediates are preferred substrates for GroEL. Results: GroEL binds with the burst phase intermediate of malate synthase G (MSG), subsequently eliminating the slowest kinetic phase of refolding with the assistance of GroES and ATP. Conclusion: GroEL modulates the folding trajectory of MSG, thereby accelerating its refolding. Significance: The study provides much needed insight into GroEL/GroES-assisted folding of large, multidomain proteins.
In the cell, proper folding of a majority of proteins is assisted by a class of proteins called chaperones. GroEL and GroES, both from the bacterium Escherichia coli, are the best characterized chaperones. GroEL along with its co-chaperonin GroES facili-tates folding of many proteins via ATP-dependent release, preventing their misfolding and aggregation and channeling them on the correct folding pathway (1) (2) (3) (4) (5) . GroEL binds to a wide range of proteins ranging from 2 kDa to more than 100 kDa both in vivo and in vitro (6 -10) . Based on the size of the protein, two types of mechanisms for GroEL-assisted folding, cis and trans, have been delineated in the past. Proteins of up to ϳ 60 kDa fold via the cis mechanism where polypeptide and GroES bind to the same GroEL ring (11) , but large proteins (Ͼ60 kDa) that cannot be pushed inside the GroEL cavity fold via the trans mechanism where polypeptide and GroES bind to the opposite GroEL rings (12, 13) . The interplay of GroEL, GroES, and ATP in chaperone-assisted folding has been well delineated, and their effect on the refolding of polypeptides has been thoroughly demonstrated (14 -17) . However, the kinetics and molecular events associated with the refolding polypeptide during its GroEL/GroES-assisted folding cycle are still poorly understood.
Binding of GroEL to the substrate proteins modulates the energy landscape for their folding process by lowering the kinetic barriers that separate various states on the folding pathway (1) (2) (3) . Such kinetic barriers are responsible for slow folding of proteins in the absence of chaperones, which often results in their aggregation. Modulation is also caused by binding and hydrolysis of ATP to GroEL (18, 19) due to which folding can occur preferably through a single route when many routes are otherwise available (20) . The binding energy of GroEL may be utilized to unfold kinetically trapped or misfolded conformers, allowing their productive folding (21) (22) (23) . However, GroEL binding may not always be associated with unfolding of bound polypeptide. The unfolding action of GroEL is usually observed when it binds to early unstructured or collapsed intermediates (20, 24, 25) , whereas no unfolding has been reported for proteins where late structured intermediates bind to GroEL (26, 27) . This implies that GroEL binding may result in folding or unfolding or in no structural change depending on the conformation of protein that binds to GroEL. Following binding, proteins may require both GroES and ATP or only ATP for their release from the GroEL complex. This is usually dictated by the ease with which protein is able to fold spontaneously. Poor Cells were lysed in a French press, and lysates were centrifuged at 18,000 rpm for 1.5 h. Supernatant was collected and filtered through a 0.45-m filter before applying to chromatographic columns in an ÄKTA FPLC system. GroEL was purified using Fast Flow Q anion exchange and 15ISO hydrophobic interaction chromatography. After the FPLC purification process, GroEL was treated with Affi-Gel Blue to remove bound substrate proteins. MSG purification was a single step process using a nickel-chelating column (HisTrap HP, GE Healthcare) as described previously (40) . For GroES purification, first, differential precipitation of protein mixture was done by lowering the pH, which allowed elimination of other proteins, and then GroES was purified using Fast Flow SP cation exchange chromatography.
Aggregation Kinetics-MSG was incubated with and without GroEL at a 1:2 molar ratio in 20 mM Tris buffer, pH 7.8, 10 mM MgCl 2 , 10 mM KCl at 55°C, and its aggregation kinetics was monitored by light scattering at 500 nm in a Cary Varian Eclipse fluorometer using a quartz cuvette with a path length of 1 cm. Solutions were constantly stirred to avoid formation of bubbles. Excitation and emission wavelengths were set at 500 nm with 5 and 2.5 slit widths each. Final MSG concentration was 1 M.
Identification of GroEL-MSG Binary Complex-GroEL-MSG complex was formed by incubating 1 M MSG with 2 M GroEL at 55°C for 10 min after which the mixture was centrifuged at 13,000 rpm for 20 min to remove any aggregated protein. Supernatant was collected, vigorously vortexed, and cooled to 4°C before running through a 14-ml prepacked size exclusion column (TSKgelG4000SWXL, Tosoh, Japan) in a Waters HPLC system. The peak top of the GroEL fraction was collected, lyophilized, and run on a 10% SDS gel followed by Coomassie Blue staining to detect the presence of any MSG band. 20 mM Tris buffer, pH 7.8, 10 mM MgCl 2 , 10 mM KCl was used as the mobile phase at a 1 ml/min flow rate. Samples were injected into the column using a 200-l loop.
GroEL/GroES-assisted in Vitro Refolding of GdnHCl-denatured MSG-MSG refolding was monitored by measuring activities at different time intervals in a Beckman Coulter DU800 spectrophotometer. MSG was denatured in 3 M GdnHCl for 2 h at 25°C, and unfolding was confirmed by loss of enzymatic activity. To monitor spontaneous refolding, denatured MSG was diluted directly into refolding buffer containing 20 mM Tris, 300 mM NaCl, 10 mM MgSO 4 , 10 mM KCl, 1 mM tris(2-carboxyethyl)phosphine hydrochloride, 10% glycerol, pH 7.9. The refolding buffer composition was optimized previously for spontaneous refolding of MSG (40) . Because we wanted to compare the kinetics, the same buffer was used for spontaneous and chaperone-assisted folding. Chaperone-assisted refolding was carried out by diluting denatured MSG in refolding buffer containing GroEL such that the final MSG and GroEL concentrations were 0.25 and 0.5 M, respectively. Reactivation of GroEL-MSG complex was performed by adding 2.5 mM ATP 10 min after complex formation. When indicated, GroES was added at a concentration of 1 M before ATP. The final GdnHCl concentration was kept at 0.1 M, and buffer containing 0.25 M native MSG in 0.1 M GdnHCl was used as a control. The activity of MSG was measured by determining the rate of glyoxylate-dependent release of free CoA from acetyl-CoA at 25°C. Each assay mixture contained 100 l of 1 M Tris buffer, pH 7.9; 10 l of 1 M MgCl 2 ; 10 l of 0.1 M glyoxylate; 40 l of 10 mM acetyl coenzyme A; and protein in a total volume of 900 l. The reaction was initiated by adding refolded protein solutions at the indicated time intervals to the activity assay mixture. The amount of protein used in the assay was always 12 g. The reaction was stopped after 5 min by adding 2 ml of 6 M GdnHCl and 100 l of 10 mM 5,5Ј-dithiobis(2-nitrobenzoic acid) for color development, and absorbance was measured at 412 nm. For the above activity assay, a 1-ml quartz cuvette with a light path of 1 cm was used. The percentage of recovery of MSG activity in different samples was calculated after considering an equivalent amount of native MSG activity as 100%. Activity curves were plotted by fitting the data points into a best fit equation, and corresponding refolding rate constants were calculated.
Refolding Kinetics Experiments-Refolding kinetics of MSG was monitored using intrinsic tryptophan and ANS fluorescence of protein as probes. Refolding was initiated by manual mixing by rapid dilution of denatured protein in refolding buffer such that the final GdnHCl concentration was 0.1 M, and its refolding kinetics was followed. For refolding in the presence of GroEL, unfolded MSG was diluted in GroEL-containing buffer. The MSG and GroEL concentrations used were 0.25 and 1 M, respectively, and the dead time of mixing was 10 s. Kinetics experiments were done in a Biologic MOS-450 optical system using a 1-cm-path length cuvette. Refolding kinetic traces were monitored by measurement of the change in tryptophan fluorescence at 340 Ϯ 10 nm using a band pass filter (Asahi Spectra). The excitation wavelength was 295 nm. For ANSmonitored kinetics, refolding kinetic traces were monitored by measurement of the decrease in ANS fluorescence at 450 nm using a band pass filter (Asahi Spectra). The excitation wavelength was 350 nm. Folding kinetics of MSG in the absence and presence of GroEL was followed by diluting denatured MSG in refolding buffer containing ANS alone and both ANS and GroEL, respectively. Reactivation kinetics of GroEL-bound MSG was followed by addition of GroES and ATP in ANScontaining buffer. The dead time was 10 s. The final ANS concentration was 50 M. MSG, GroEL, and GroES concentrations were 0.25, 1, and 2 M, respectively. ATP was added at 5 mM concentration. Correction for background fluorescence caused by ANS in reactions lacking MSG was carried out.
Fluorescence spectra were recorded in a PerkinElmer Life Sciences LS 55 luminescence spectrometer using a 120-l quartz cuvette with a path length of 1 cm. MSG-GroEL complex (I-G; see Fig. 9 for a description of the different intermediates) was formed as described above (MSG/GroEL, 0.25:1), and its tryptophan fluorescence spectra were recorded 10 min after GroEL addition at 25°C. Reactivation of MSG was performed by GroES and ATP addition to GroEL-MSG complex. Intermediate I C -G was generated by stopping the reactivation of MSG 60 s after ATP addition by adding 10 mM EDTA. Unfolding of I C -G was carried out by incubating it with EDTA for 30 min at 30°C. For tryptophan fluorescence, samples were excited at 295 nm with excitation and emission slit widths of 5 nm each. Background fluorescence of chemically identical samples lacking substrate protein was subtracted. The ratios of MSG/GroEL used in all experiments refer to 14-mers.
Trypsin Digestion Experiments to Monitor Conformational Changes of MSG-Trypsin digestion assay was carried out to monitor conformational changes in MSG during chaperoneassisted refolding. GroEL-MSG complex was formed as above and divided into two parts. One part was treated with trypsin 60 s after ATP addition, whereas in the second part, no ATP was added before trypsin addition. ATP-mediated reactivation of MSG was stopped after 60 s by addition of 10 mM EDTA followed by its trypsin digestion. For sample without GroEL, trypsin was added 5 min after initiation of MSG refolding. Trypsin treatment was performed at 37°C for 15 min using a 1:100 (w/w) ratio of trypsin to MSG. Native MSG was used as a control and treated with trypsin in the same way. The reaction was stopped by boiling the samples in SDS loading dye for 5 min. Band densities of MSG in different reactions were compared with each other using the band quantitation tool of the gel documentation unit taking native MSG band as reference. The relative quantity of MSG left after trypsin digestion was taken as a measure of proteolytic resistance to trypsin. Trypsin treatment was applied for 15 min as after that native MSG itself becomes sensitive to trypsin. The same amount of MSG was loaded in all the lanes so its corresponding band intensities in each of the lanes can be directly compared with each other.
RESULTS
GroEL Prevents Thermal Aggregation of MSG-The effect of the presence of GroEL on the prevention of aggregation of MSG is shown in Fig. 1a . We observed that the thermal aggregation of MSG decreased with the addition of increasing amounts of GroEL, and there was complete suppression of aggregation in the presence of a 2-fold molar excess of GroEL over MSG. In a control experiment, GroEL did not show any increase in light scattering intensity when incubated at 55°C, showing that GroEL is stable at this temperature ( Fig. 1a ). In Fig. 1b , supernatant and pellet fractions of heat-treated samples of MSG on SDS-PAGE are presented. It can be seen that when GroEL was present in a 2:1 molar ratio over the protein aggregation of MSG was completely prevented as it appears only in the supernatant (Fig. 1b, lanes 5 and 7) . In the absence of GroEL, MSG was found exclusively in the pellet (Fig. 1b, lanes 3, 4, 9 , and 10). GroES was not required to prevent aggregation of MSG ( Fig. 1b , lanes [5] [6] [7] [8] , and it could not prevent protein aggregation (Fig.  1b , lanes 9 and 10) alone.
GroEL Forms Stable Complex with Non-native MSG-Native GroEL and native MSG were mixed in a 2:1 molar ratio (GroEL/ MSG, 2:1) and run on a size exclusion column. Both eluted as separate peaks ( Fig. 2a , shown in black) with native GroEL eluting at 8.70 min and native MSG eluting at 11.45 min. This shows that native MSG does not bind to GroEL. GroEL-MSG complex was generated by incubating native protein with GroEL in a 1:2 molar ratio at 55°C for 10 min. The mixture was centrifuged at high speed to remove any aggregates present. The supernatant thus collected was vortexed vigorously and cooled to 4°C before running on a size exclusion column in HPLC. If MSG does not form a stable complex with GroEL, it will be released from the complex upon vigorous shaking and cooling and elute as a separate peak. The elution profile of the supernatant after heating is shown in red in Fig. 2a . It can be seen that a single peak eluted at the native GroEL position, whereas no peak corresponding to native MSG was found. The GroEL peak fraction was collected, lyophilized, and run on a 10% SDS-polyacrylamide gel after resuspending it in SDS loading dye. Both MSG and GroEL were identified in the same lane (Fig. 2b, lane 4) , indicating that non-native MSG forms a stable complex with GroEL. A slight shift in the elution time was observed from GroEL to GroEL-MSG complex, which elutes at 8.67 min. This could be due to a slight increase in the molecular mass of GroEL due to the presence of MSG. GroEL heated at 55°C for 10 min was used as a control. It was found to elute at the same position as native GroEL and displayed a similar absorbance, showing that it was structurally stable at 55°C ( Fig.  2a , blue peak). It should be mentioned here that during thermal aggregation experiments the temperature varied from 55 to 4°C, and as a result, the pH of the Tris buffer changed from 7 to 8.5. However, both MSG and GroEL were found to be structurally stable within this pH range at 25°C (data not shown). Thus, pH changes do not contribute to the results obtained.
GroEL/GroES Increase Rate of Recovery of Functional MSG-Our previous finding on the refolding reaction of MSG shows that GdnHCl-denatured MSG spontaneously refolds to 100% upon removal of denaturant (40) . However, during the process, MSG accumulates slow folding intermediates, which make the process aggregation-prone at higher protein concentrations (40) . Based on these observations, a possible role of GroEL was speculated in modulating the kinetics of MSG refolding. Hence, GroEL-assisted refolding of MSG was attempted, and GroEL-MSG binding was established by a simultaneous loss of enzymatic activity of MSG upon complex formation. MSG was unfolded in 3 M GdnHCl at 25°C until it completely lost its activity. It was then diluted into GroEL-containing buffer such that the final concentration of MSG was 0.25 M. The protein to GroEL ratio of 1:2 was maintained, which reduced MSG activity by 90% ( Fig. 3a ), indicating binding of MSG to GroEL during the refolding process. Unfolded MSG stably bound to GroEL and was released from the GroEL complex only after addition of ATP, which allowed refolding to occur with a rate of 0.006 s Ϫ1 (Fig. 3b ). This was slower than the spontaneous refolding rate of MSG (k ϭ 0.01 s Ϫ1 ). Addition of GroES to GroEL-MSG complex in a 2:1 molar ratio over GroEL accelerated MSG refolding (k ϭ 0.015 s Ϫ1 ), making it slightly faster than spontaneous refolding. It can be seen that the GroES requirement for achieving complete reactivation of MSG from GroEL-MSG complex was not mandatory per se, but its presence doubled ATP-dependent refolding reaction rate ( Fig. 3b ). It is worth mentioning here that the 100% activity that was observed after 300 s in the case of spontaneous refolding corresponds to the functional intermediate of MSG (I N ) and not to the native protein (40) . As can be seen in Fig. 4 , in a comparison of processes of formation of native MSG, GroEL/ES/ATP-assisted refolding was several times faster than spontaneous refolding.
Modulation of Refolding Kinetics of MSG by GroEL- Fig. 4 , a and b, show the kinetic traces of folding of 0.25 M MSG in the presence and absence of 1 M GroEL (a 1:4 molar ratio of protein to GroEL was used to ensure that no MSG molecule escapes binding) monitored by tryptophan and ANS fluorescence spectroscopy. Previous studies on the refolding kinetics of MSG in the absence of GroEL have shown that the tryptophan fluorescence change accompanying refolding in the presence of 0.1 M residual GdnHCl occurs in two phases: a burst phase (ϳ70%) and a slow phase (30%) with an apparent rate constant of 0.02 s Ϫ1 (Fig. 4a , blue curve). The burst phase intermediate (C) leads to the formation of a functional intermediate (I N ) in the slow phase that gives rise to native MSG in the very slow phase (0.0014 s Ϫ1 ) that has no detectable tryptophan fluorescence change (40) . When MSG refolding was carried out in the presence of 1 M GroEL, the following observations were made ( Fig. 4a , red curve): 1) a decrease in the total amplitude of observable tryptophan fluorescence change, 2) a 10% increase in burst phase amplitude, 3) a decrease in the apparent rate constant of the slow phase (0.007 s Ϫ1 ), and 4) the appearance of a fast phase (0.04 s Ϫ1 ). Fig. 4b shows the effect of GroEL on ANS fluorescence-monitored refolding kinetics of MSG. The hydrophobic molecule ANS binds to hydrophobic clusters on non-native protein species that are hydrated and therefore accessible (41) , and such binding is accompanied by a large change in fluorescence emission of protein-bound ANS molecules. Folding of protein to the native state can be monitored by following ANS fluorescence, which decays as the protein folds due to release of bound ANS, with time. ANS did not interfere with the folding of MSG (data not shown) and did not bind to its native (N) or unfolded (U) states ( Fig. 5b ). Hence, ANS was used as a probe to investigate the native topology formation of MSG along the refolding time scale that is actually the rate-limiting step of the MSG folding pathway (40) . ANS fluorescence-monitored refolding of MSG in the absence of GroEL consists of two kinetic phases: slow and very slow with corresponding rate constants of 0.012 and 0.0014 s Ϫ1 , respectively (Fig. 4b , blue curve). When denatured MSG was diluted in the refolding buffer containing GroEL and ANS, ANS fluorescence of MSG was found to decay with time in two kinetic phases with rate constants of 0.03 and 0.008 s Ϫ1 , respectively (Fig. 4b, red curve) . Because the ANS-monitored rates in the presence of GroEL are similar to the tryptophanmonitored rates (0.04 and 0.007 s Ϫ1 ; Fig. 4a , red curve), both the probes are probably monitoring the same kinetic processes. The formation of the native topology of MSG after GroES and ATP addition to GroEL-MSG complex was further monitored and compared with the spontaneous refolding process. Reactivation of GroEL-bound MSG (I-G) occurred in two kinetic phases with rate constants of 0.06 and 0.018 s Ϫ1 (Fig. 4b , green curve), respectively. A double exponential equation was found to be a better fit of the GroEL/ES/ATP kinetic trace than a single exponential equation as shown by the residuals (Fig. 4b , insets a and b). This might represent two transitions of I-G to N. These results clearly shows that GroEL-bound MSG acquires native topology upon its release from the complex considerably faster than when MSG refolds free in solution. Quite remarkably, the rate of recovery of the native conformation of MSG in GroEL/GroES/ATP-assisted refolding was about 10 times faster than in unassisted refolding (0.0014 versus 0.018 s Ϫ1 ). ANS fluorescence in each case was normalized with the highest ANS fluorescence value of MSG, i.e. the value at t ϭ 0 in spontaneous refolding, which represents the burst phase intermediate (C).
GroEL Binds to the Burst Phase Intermediate of MSG and Alters Its Conformation-C appears to be a potential candidate for GroEL binding as it possesses high ANS binding capacity ( Fig. 4b, blue curve) . The tryptophan and ANS fluorescence changes with time that we observed in Fig. 4, a and b , suggest conformational changes in C upon GroEL binding because had it been only a GroEL binding effect the kinetics of overall tryptophan and ANS fluorescence change should not be so slow (ϳ0.007 s Ϫ1 ). However, it is possible that GroEL is not binding to the burst phase intermediate of MSG as speculated but to some of its late refolding intermediates, and the fluorescence rates we derived from Fig. 4, a and b (red curves) , are actually rates of binding instead of rates of refolding. To exclude this possibility, tryptophan and ANS fluorescence kinetics of MSG were monitored in the presence of different GroEL concentrations. At all GroEL concentrations tested, the kinetic curves fitted to the double exponential equation (data not shown), and the respective rates were calculated. Fig. 4c shows that both the tryptophan-and ANS fluorescence-monitored rates of the fast and slow phases did not depend on GroEL concentration. Moreover, their corresponding relative amplitudes were also found to be independent of GroEL concentration (Fig. 4d ), which means that there does not appear to be any fluorescence change associated with the binding of GroEL to MSG. These observations suggest that what we detected through fluorescence changes in Fig. 4, a and b, was not a GroEL-MSG binding event but a GroEL-assisted refolding event, implying conformational changes in the GroEL-bound form of MSG, i.e. the burst phase intermediate. Here, the experiments could be carried out only at stoichiometric or higher ratios of GroEL to ensure that the majority of the MSG molecules were in the GroEL-bound state. It can be seen that when MSG was refolded in the presence of a substoichiometric ratio of GroEL (MSG/ GroEL, 0.25:0.125 M) nearly 60% of its enzymatic activity persisted ( Fig. 3a) , which implies that the majority of the MSG molecules remain in the unbound state at lower GroEL concentrations. Complete activity of MSG disappeared only at higher GroEL concentrations (Fig. 3a) . Thus, to ensure that unbound MSG molecules did not interfere with the refolding kinetics of GroEL-bound MSG and with the interpretation of kinetics results, higher GroEL concentrations were required in Fig. 4 , c and d.
GroEL Assists MSG Refolding through Formation of a Compact Intermediate-To further explore whether the increase in refolding rate constants observed for chaperone-assisted refolding reflects a different folding trajectory adopted by MSG in the presence of GroEL, folding intermediates on the two pathways were characterized by tryptophan and ANS fluorescence, enzymatic activity, and trypsin digestion. Fig. 5a shows tryptophan fluorescence spectra of various conformations of MSG. GroEL-bound MSG (I-G; blue curve) has a tryptophan fluorescence intensity quite close to that of native (black curve) with its max emission the same as that of native MSG. The spectrum was taken after 10 min of dilution of denatured MSG in GroEL-containing buffer. However, I-G possessed strong ANS fluorescence as compared with native (N) or unfolded MSG (U) (Fig. 5b) . The finding that the max emission for tryptophan fluorescence of C (Fig. 5a, black circles) shifted from 345 to 340 nm upon GroEL binding (I-G; Fig. 5a , blue curve) further supports our claim that the conformational state of the initial and final GroEL-bound forms of MSG are different. Reactivation of I-G was initiated by either ATP or GroES/ATP addition. Within 30 s of GroES/ATP addition to GroEL-MSG complex, the level of fluorescence intensity reached that of the native protein ( Fig. 5a, red curve) , and ANS fluorescence decreased by 50%, defining the folding intermediate I C -G (Fig. 5b ). In the case of ATP, the above event happened within 60 s of ATP addition. Complete reactivation of GroEL-bound MSG happened only about 5 min after GroES/ATP addition and 10 min after ATP addition, respectively, and was accompanied by the recovery of native-like ANS fluorescence ( Fig. 5b) and enzymatic activity (Fig. 3b ). ANS fluorescence values of transient intermediates in Fig. 5b were derived from the ANS fluorescence-monitored refolding kinetic traces of MSG in Fig. 4b . The t ϭ 0 and t ϭ 300 s points of the kinetic curve obtained in the absence of GroEL (Fig. 4b, blue curve) represent the ANS fluorescence values of C and I N , respectively, in Fig. 5b . Similarly, the t ϭ 30 s point of the kinetic curve obtained in the presence of GroEL/GroES/ATP (Fig. 4b, green curve) represents the ANS fluorescence value of I C -G.
Unlike the completely reactivated form, I C -G was still associated with GroEL. I C -G was generated by adding ATP to GroEL-MSG complex, and the reaction was stopped after 60 s by adding the Mg 2ϩ chelator EDTA. When the reaction containing I C -G and EDTA was maintained at 30°C for 30 min, there was partial unfolding as indicated by the decrease in tryptophan fluorescence intensity (Fig. 5a, pink curve) . Addition of sufficient Mg 2ϩ to compensate for the EDTA present reinitiated the folding reaction (data not shown). This indicates that I C -G was still bound to GroEL as no unfolding was observed under the same conditions for the reaction without EDTA that was used as a control.
The observation that formation of I C -G from I-G was accompanied by an increase in tryptophan fluorescence (Fig. 5a ) and a decrease in ANS fluorescence (Fig. 5b) indicates compaction of I-G to I C -G. This was confirmed by improved resistance of I C -G to trypsin (Fig. 6 ). I C -G was generated in the same way as described in the previous section. Quite remarkably, I C -G (Fig.  6a, lane 2) was the most resistant toward trypsin digestion among all conformations, whereas I-G was found to be the most sensitive (Fig. 6a, lane 4) , followed by I N (Fig. 6a, lane 3) . Fig. 6b shows the relative quantities of MSG left after trypsin digestion in each case. Resistance to proteolytic digestion was measured in terms of density of the MSG band in a trypsin-treated sample. Equal amounts of MSG were loaded in the wells to enable direct comparison in each case. Here, extreme care was taken to avoid any error in the loading amounts. Besides differences in the relative quantities of MSG, differences in the digestion pattern of various intermediates were also observed ( Fig. 6a) . Apparently, folding of GroEL-bound MSG (I-G) to the native state occurs via formation of a compact intermediate (I C -G) on the GroEL surface as also predicted by ANS fluorescence-monitored reactivation kinetics (Fig. 4b, green curve) of GroELbound MSG that suggests that there might be two transitions from I-G to native MSG formation.
GroES Binds in trans to MSG and Accelerates Its Refolding-To test whether the slow rate of ATP-dependent reactivation observed in Fig. 3b is due to rebinding of non-native MSG to GroEL after ATP-dependent release, the concentration of GroEL in the refolding mixture was increased while keeping the MSG concentration the same (i.e. at 0.25 M). The rate of ATPdependent reactivation of MSG was retarded (Fig. 7a ). This indicates that, after release, MSG could rebind to GroEL before folding is complete. To confirm this, ␣ S1 -casein was used as a competitor of protein binding by GroEL. Casein has certain properties of partially denatured protein. In its native form, it exposes a considerable portion of hydrophobic residues to the solvent and contains a high amount of disordered structure (42, 43) . The rate of reactivation of MSG increased with an increase in casein concentration (Fig. 7b ). Casein bound to GroEL when present in excess and thus prevented MSG rebinding to it. Hence, the ATP-dependent reactivation rate of MSG was increased. Interestingly, retardation of the reactivation rate of MSG due to rebinding was not observed when GroES was present in a 2:1 molar ratio to GroEL (Fig. 7a) . Also, there was no effect of casein on the MSG reactivation rate in the presence of GroES (Fig. 7b) . Thus, it appears that only when GroES is absent does MSG undergo multiple cycles of GroEL binding and ATP-dependent release before its folding is finally complete. GroES binding couples ATP hydrolysis with folding at GroEL by coordinating among protein binding regions of different subunits of GroEL. This action of GroES prevents release of complete protein in a single step and allows it to organize to a more compact structure before rebinding occurs (43) . Hence, in the presence of GroES, MSG is forced into a folding pathway that involves staged release during a single round of GroEL interaction, which did not occur in the presence of only ATP. Moreover, addition of GroES and ADP to GroEL-MSG complex was unable to protect MSG from proteolytic digestion, confirming that GroES binds in trans to MSG (Fig. 7c ). This shows that GroES accelerates refolding of MSG without encapsulating it inside the GroEL cavity.
DISCUSSION
Despite the fact that MSG displays reversible unfolding in vitro in the absence of chaperones (40) , its refolding is prone to aggregation at higher protein concentrations (i.e. Ͼ 0.5 M) (40) . Fig. 8 shows a comparison of spontaneous and GroELassisted refolding of MSG at a final MSG concentration of 1 M. A notable phenomenon observed in the GroEL-assisted refolding of MSG is that the loss of 25-30% of the enzymatic activity with time observed in spontaneous refolding (Fig. 8a ) did not occur in the presence of GroEL, which completely prevented MSG aggregation even at higher protein concentrations (Fig.  8b) . This effect was specifically due to elimination of the slowest step of MSG refolding in the presence of GroEL/GroES (Fig. 9 , Scheme 1 versus Scheme 2).
The conformational change of GroEL-bound MSG observed in Fig. 4 could be a consequence of either folding or unfolding of MSG on the GroEL surface. With the current set of experiments, however, the two events could not be distinguished. Still, the observations of enhanced sensitivity toward trypsin digestion ( Fig. 6 ) and enzymatically inactive state of I-G (Fig.  3b ) favor the unfolding event more than the folding event. In this context, it would have been helpful if trypsin sensitivities of C and I-G could be compared, but the transient nature of C FIGURE 6. Trypsin digestion assay. Various conformations of MSG were tested by trypsin digestion assay. GroEL-MSG complex was prepared by diluting denatured MSG in GroEL-containing buffer in a 1:4 ratio to GroEL and incubating for 10 min at 25°C and then dividing it into two parts. The first sample was treated with trypsin 60 s after ATP addition, and in the second sample, no ATP was added before trypsin addition. ATP-mediated reactivation of MSG was stopped after 60 s (I C -G) by addition of 10 mM EDTA following which trypsin was added. For sample without GroEL, trypsin was added 5 min after initiation of refolding (I N ). Trypsin treatment was performed at 37°C for 15 min using a 1:100 (w/w) ratio of trypsin to MSG. Native MSG was used as a control and was treated with trypsin in the same way. precluded this comparison. It may be speculated that because MSG is a multidomain protein only a very small portion of it would have actually bound to the GroEL cavity with most of it lying in the bulk solution. This could have resulted in localized unfolding in the GroEL-bound regions of the protein. However, additional experiments such as FRET are required to validate this. Nevertheless, it was assumed that GroEL binding led to the unfolding of C as this unfolding step may be important in transforming the protein for the subsequent accelerated folding process.
The burst phase intermediate of MSG (C) consists of some non-native secondary structure, the rearrangement of which continues until the formation of the native state (40) . Binding to GroEL helps the slow folding collapsed intermediate C to adopt a more folding-compatible state (I-G) probably by causing disruption of non-native interactions in C that might slow down its folding to the native state ( Fig. 9, Scheme 1) . Once I-G is formed, it folds easily to the native state N ( Fig. 9 , Scheme 1 versus Scheme 2) . It thus appears that GroEL is playing an active role in the folding of MSG by binding to its on-pathway intermediate C and causing reorganization of non-native interac-tions, which dramatically improved its rate of folding upon GroES/ATP addition. Another prominent effect of GroEL-assisted refolding of MSG is that the GroEL/GroES/ATP-dependent rate of reactivation of MSG obtained from the activity assay (0.015 s Ϫ1 ; Fig. 3b ) and the ANS-monitored refolding rate that is reflective of native topology formation of MSG (0.018 s Ϫ1 ; Fig. 4b , green curve) are nearly the same. Based on the similar rates of the two processes, it can be inferred that the complete recovery of enzymatic activity occurs simultaneously with the native topology formation of MSG in the presence of the GroEL/GroES/ATP system in contrast to spontaneous refolding where the two processes are not simultaneous (Figs.  3b and 4b, blue curve) .
The difference in spontaneous and GroEL/ES-assisted rates of refolding of MSG can be attributed to different folding trajectories adopted by MSG in the presence and absence of GroEL. Table 1 shows a comparison between different folding intermediates of MSG formed during its spontaneous and GroEL-assisted refolding based on intrinsic tryptophan and ANS fluorescence measurements, enzymatic activity, and trypsin sensitivity. The I-G and I C -G type intermediates are not formed when MSG is folded free in solution. Similarly, the I N type intermediate is not formed in the GroEL-assisted folding pathway of MSG. The observation that 40% of MSG activity was recovered within 30 s of GroES and ATP addition (Fig. 3b) suggests that I C -G must be enzymatically active. It can be seen 
TABLE 1 Comparison of different intermediates formed during spontaneous and GroEL-assisted refolding
Refolding of MSG was carried out in 20 mM Tris, pH 7.9, 300 mM NaCl, 10 mM MgSO 4 , 10 mM KCl, 1 mM TCEP HCl, 10% glycerol in the absence and presence of 1 M GroEL such that final GdnHCl and MSG concentrations were 0.1 M and 0.25 M, respectively. A description of the different intermediates is given in Fig. 9 . (44) . Hence, formation of a compact, highly restricted ensemble will drive the chain to form favorable non-local interactions with minimum energetic barriers, thus making the process of attainment of native structure faster. Because the entropic penalty for establishing long range interactions is large, the acceleration of the folding rate is predicted to be more pronounced for proteins with a high proportion of long range tertiary contacts (45) such as the GroEL-dependent proteins with complex ␣/␤ or ␣ ϩ ␤ domain topologies (46) . The ratelimiting step in the MSG folding pathway was predicted to be the result of folding of its two domains (␣ ϩ ␤; which do not form the active site), besides cis/trans proline isomerization (40) . Most likely, chaperone action might have facilitated both domain folding and proline isomerization events in MSG through formation of more folding-compatible intermediates.
Properties

I-G I C -G I N N
One of the important questions here is whether the concepts established by our study also apply to other large, multidomain proteins. To gain further insights into that question, a large protein is needed for which the spontaneous folding pathway is well characterized so that it is possible to monitor the effect of GroEL on the conformations of its intermediates and the folding process as such. However, because of the lack of information on multidomain protein folding and the unavailability of their folding pathways, a comparison of assisted and unassisted folding processes of large proteins has not been explored in details so far. Moreover, non-native intermediates of most of the large proteins are aggregation-prone and difficult to accumulate, making it extremely difficult to perform such studies. Few such studies have been performed with proteins that are either not authentic GroEL substrates (38) , do not have an intrinsic tendency to aggregate (38, 47, 48) , or are small sized proteins undergoing the cis mechanism of folding (39, 47, 48) . In this context, the present study perhaps provides a novel comparison between the spontaneous and chaperone-assisted folding of a truly aggregation-sensitive multidomain protein that is unique in its category. To date, the only significant information we have on the GroEL-assisted folding of large proteins is that 2), is captured by GroEL (orange colored) upon dilution from GdnHCl-denatured MSG (1) to form GroEL-MSG complex, C-G (5). This binding induces minor structural rearrangements in C-G at a slow rate to give rise to a more folding-compatible state, I-G (6 and 7) ; I-G could be more unfolded (6) or more folded (7) they undergo the trans mechanism of folding to reach to their native state (12, 13) . However, what transpires to the substrate protein during this process is unprecedented. Thus, the present study on the changing conformational properties of a large protein along the chaperone-assisted folding pathway advances our current knowledge of GroEL-mediated folding of large proteins. Moreover, this type of study can perhaps open the window to explore interactions between folding intermediates and GroEL for elucidating the chaperone-assisted folding pathways of multidomain proteins. In conclusion, GroEL/GroES accelerate refolding of MSG without encapsulation by apparently changing the folding mechanism, which is reflected through modification of its folding intermediates. To summarize our findings, we propose a model for GroEL/GroES-assisted folding of MSG in Fig. 10 .
